Introduction
With the spread of electronic books and electronic newspapers, recent years have witnessed a significant decline in the number of paper-printed publications, as evidenced by the significant drop in printing volume worldwide 1 . Accordingly, development of a low-cost, recyclable printing method is required to offset the existing messier printing method. Wettability patterning materials that integrate super hydrophobic and super hydrophilic systems have gained much attention from several fundamental and industrial applications 2 . For instance, wettability patterning surfaces have been utilized in biological and biomedical fields to control the adhesion of proteins, cells, and bacteria 3 8 , and to separate peptides 9 and blood 10, 11 .
Titanium dioxide TiO 2 is a proven helpful compound for wettability patterning purposes because of its super hydrophilic ability when exposed to ultraviolet UV radiation 12 , not to mention its strong photocatalytic ability toward chemical oxidation of organic substrates under UV irradiation. Taking advantage of these two features, TiO 2 substrates with a deposited self-assembled monolayer SAM of a hydrophobic substrate can shift the surface of TiO 2 to become super hydrophobic; when exposed to UV radiation, the SAM compound can degrade, thereby turning the titania surface to become super hydrophilic once again. The notion of using a photocatalyst for wettability patterns to counterweigh a print edition was proposed ten years ago by Fujishima s group 13 . To this effect, a TiO 2 anatase sol was coated onto an aluminum base, and the resulting TiO 2 surface was coated with octadodecylphosphonic acid ODP that when UV irradiated through a photomask caused parts of the ODP to be degraded by the action of the photoactive TiO 2 surface. Thus, the aluminum base consisted of a super hydrophilic surface TiO 2 and a super Abstract: Titanium dioxide (TiO 2 ) has been proven to be an excellent system for wettability patterning purposes because of its super hydrophilic ability and its oxidative/reductive degradation of substances when exposed to UV radiation. TiO 2 substrates upon which was deposited a self-assembled monolayer (SAM) of n-octadecyltrimethoxysilane (ODS) shifts the surface to become super hydrophobic, which when subjected to UV irradiation causes the ODS compound to be degraded with the substrate turning back to be super hydrophilic. Such events allow wettability patterns to be easily created. The objective of this study was to reduce the time required to construct a wettability pattern. For this purpose, highly photoactive TiO 2 nanoparticles were coated onto a titanium plate whose surface had been previously oxidized at high temperatures in an electric furnace. The subsequent TiO 2 /Ti system was microwaved and simultaneously irradiated with ultraviolet light (UV) to further accelerate its photocatalytic activity. Using a set of photomasks and both UV and microwave irradiation, the generation of a pattern was achieved 15 times faster (2 min versus 30 min) compared to an earlier result that used only UV radiation. Key words: TiO 2 , wettability pattern, offset printing, cell microarray, bio-adhesion, microwave radiation hydrophobic surface SAM-ODP . This printable version could be recycled. When the plate was irradiated with UV light after its use, all the remaining ODP was decomposed photo catalytically, thereby reproducing a plate with naked TiO 2 that could be reused by SAMing ODP and generating a pattern with a photomask. By repeating this operation, the process could be recycled as many times as needed. In earlier experiments, Nakata et al. 14 discovered a rewritable super hydrophobic and super hydrophilic surface by etching a titanium plate with a sulphuric acidic solution, depositing a SAM of n-octadecyltrimethoxysilane ODS that degraded portions of the SAM on exposed to UV radiation, thereby rendering the aluminum base unnecessary. Printing tests were conducted using an appropriately prepared titanium substrate with super hydrophilic/super hydrophobic patterns at resolutions of 150 LPI on high-grade paper using a sheet offset press, which proved usable for practical purposes. However, to the extent that the activity of the TiO 2 that formed on etching was low, the decomposition rate of the hydrophobic ODS was also very slow ca. 30 min 15 17 , thereby necessitating a relatively long time in generating a pattern that made this method less than satisfactory owing to the relative inactivity of that titania substrate.
Consequently, our objective in this study was to use highly photoactive TiO 2 particles coated on an oxidized titanium plate to resolve this problem. Moreover, in addition to ultraviolet light, the photocatalytic activity of the TiO 2 could be enhanced by irradiating with microwaves 18 , and the decomposition of the ODS hydrophobic monolayer could be further enhanced. To test the viability of our proposed approach, we examined the patterning ability with blood to widen the possible application of the super hydrophobic material in cell microarrays and bio-adhesion. The phenomenon in which microwaves have an accelerating effect on the creation of wettability patterns was reported earlier in a short communication 19 . In the current article, we present details of the experimental methods and discuss the mechanism together with an evaluation of the actual wettability pattern.
Experimental Section 2.1 Chemical reagents
A titanium plate size: 0.1 mm 10 mm 10 mm; NILACO Corp. was etched with sulphuric acid 70 ; Yoneyama Yakuhin Kyogo Co, Ltd. . Evonik P25 titania 21 nm was selected as the highly active photocatalyst. For comparison, the photocatalytic anatase TiO 2 7 nm ST-01; Ishihara Sangyo Kaisha., Ltd. , rutile TiO 2 1-2 µm Soekawa Chemical Co., Ltd. and brookite TiO 2 Kohundo Chemical Laboratory Co., Ltd. were also used as the photoactive substrates to coat the titanium/inactive titania base plate henceforth referred to as the Ti/i-TiO 2 base plate . SAMs consisting of ODS Tokyo Chemistry Industry Co. were prepared to produce a super hydrophobic surface when coated onto a photoactive titania surface.
Preparation of the TiO 2 /ODS-coated titanium base
plate Ti/i-TiO 2 A dispersed aqueous slurry of photoactive TiO 2 particles to yield highly active photocatalytic coatings Ti/i-TiO 2 / TiO 2 was prepared using the following procedure: various dispersions consisting of either 0.10 g, or 0.25 g, or 0.50 g of P25 TiO 2 in 100-mL ion-exchanged water were vigorously mixed for 2 h using a magnetic stirrer, after which the mixture was dispersed with a homogenizer for 30 min at a constant temperature of 35 . Other dispersions that involved photoactive anatase, rutile, and brookite titania were similarly prepared.
The preparation process is collectively summarized in Fig. 1 . Briefly, the surface of the titanium plate Ti was first etched with a 70 sulphuric acid aqueous solution for 48 h step 2 , following which the plate was calcined at 500 for 3 h in an electric furnace producing an oxidized surface of TiO 2 step 3 to yield the Ti/i-TiO 2 base plate. Thereafter, the base plate was immersed in an aqueous photoactive TiO 2 particulates dispersion for 1 min and then withdrawn step 4 , following which the resulting Ti/i-TiO 2 /TiO 2 substrate was dried at ambient temperature for more than 24 h step 5 . The plated substrate was subsequently calcined again under the same conditions. Finally, the Ti/i-TiO 2 /TiO 2 plate systems were treated with ODS to deposit a SAM of ODS at a temperature of 120 for 3 h step 6 Fig. 2a .
Analytical experiments and UV and microwave setups
Both dip-coated samples and uncoated samples with and without SAMs of ODS were prepared and characterized by a field emission-scanning electron microscope FE-SEM operating at 15 kV and by a laser microscope KEYENCE, VK-X200 . For comparison purposes, samples coated with and without the photoactive TiO 2 were irradiated with UV light and the wettability measured with a KYOWA Dm-301/ DM-501 equipment.
The microwave chemical synthesis equipment consisted of a multimode applicator and an EX µReactor Shikoku Instrumentation Co., Ltd. . The power of the microwaves at the reactor was set at 30 W. The UV light source was a high-pressure Hg lamp with an irradiance of 30 mW/cm 2 . The UV light and the microwaves irradiated the samples through a hole opening at the top of the multimode applicator designed to prevent microwave leakages.
Evaluation of the rate at which the surface returned to
super hydrophilic via the degradation of ODS The rate of decrease of the contact angle with decomposition of the ODS by the photoactive Ti/i-TiO 2 /TiO 2 was ex-amined first without a photomask under various conditions prior to step 7 Fig. 1 to assess the effect of microwave irradiation, the effect of the various types of photoactive TiO 2 used, and the effect that the microwave power levels had. Complete decomposition of the ODS causes the Ti/ i-TiO 2 /TiO 2 surface to be cleaned of any ODS remaining on the surface of the base plate.
Evaluation of Ti/i-TiO 2 /TiO 2 /SAM-ODS samples
The Ti/i-TiO 2 /TiO 2 /SAM-ODS printing base was covered with a photomask hole size, 10 mm: Fig. 2b and irradiated simultaneously with UV light and microwaves step 7 in Fig. 1 . After a predetermined irradiation time step 8 , the Ti/i-TiO 2 /TiO 2 substrates were cooled to room temperature step 9 and the wettability pattern tested with either water or blood. To examine the rewriting efficiency of the samples, at the completion of steps 7-9, the plate was irradiated with UV light for 1 h to completely remove any ODS left by the photomask, after which a SAM-ODS monolayer was once again deposited on the surface, and the Ti/i-TiO 2 / TiO 2 /SAM-ODS surface examined again with a different photomask hole size, 5 mm: Fig. 2c together with UV and microwave irradiation; the wettability pattern was tested once more with either water or blood droplets. 3 Results and Discussion 3.1 Examination of the optimal concentration of the TiO 2 coating Before setting up the microwave-/photo-assisted system, the Ti/i-TiO 2 /TiO 2 /SAM-ODS substrate was experimented separately without microwave heating to examine the surface efficiency toward wettability. Contact angles were measured at five random spots on this substrate; results are reported in Table 1 . The Ti/i-TiO 2 /TiO 2 substrate with a coating of 0.50 g P25 titania displayed the highest uniform surface with the best wettability efficiency. After 10 min, the surfaces of the Ti/i-TiO 2 /TiO 2 plate coated with 0.50 g P25 exhibited super hydrophilic characteristics with a contact angle of 0 degrees. Furthermore, differences in contact angles were negligible. By contrast, the Ti/i-TiO 2 / TiO 2 substrate coated with 0.10 g of P25 titania exhibited a poor uniform surface. Even though one spot on the surface gained super hydrophilicity after 10 min of UV irradiation, other spots on the surface indicated significant differences as evidenced by high contact angles of 110 and 95 degrees. Moreover, in the case of the sample coated with 0.25 g P25, though the surface became super hydrophilic after 10 min of UV irradiation, the fluctuation seen in the contact angles was greater than for the sample coated with 0.50 g P25. Based on our results, the 0.50 g P25 coating displayed the highest uniform and efficient surface. The difference of the contact angle between the places could be explained by the uniform and the presence of P25 which was coated onto titania surface. In the case of TiO 2 substrate coating with 0.1 and 0.25 g P25, a poor uniform surface, led to the lack of P25 nanoparticle in some places on the surface of TiO 2 substrate, and hence reduced the photocatalytic performance.
Next, the surface roughness was examined using the laser microscope Fig. 3 . The surface of the Ti/inactive-TiO 2 base plate, not coated with photoactive P25 TiO 2 , displayed a roughness of 3.41 µm. When coated with an aqueous dispersion of 0.10 g or 0.25 g of P25 titania, the roughness decreased slightly to 3.39 µm, and 3.29 µm, respectively. The Ti/i-TiO 2 base plate coated with 0.50 g of the P25 TiO 2 exhibited the lowest roughness only 3.11 µm compared with the Ti/i-TiO 2 base plate coated with photoactive P25 titania from 0.10 g and 0.25 g aqueous dispersions. The roughness was further decreased when more P25 was coated on the surface.
The samples were also characterized by examining the corresponding SEM microscopic images. The SEM image of the Ti/i-TiO 2 substrate revealed a surface with several sharp-pointed canyons Fig. 4a , while the surface of the Ti/i-TiO 2 base plate substrate coated with 0.50 g P25 consisted of a thin layer of photoactive titania Fig. 4b . Therefore, the optimal concentration of the photoactive TiO 2 coating was with 0.50 g of P25 TiO 2 dispersed in 100 mL ion-exchanged aqueous dispersion. At higher concentrations more than 0.50 g , no uniform coating could be observed visually.
The roughness of other photoactive TiO 2 particles anatase, rutile, and brookite that also coated the Ti/i-TiO 2 base plate was also examined under a laser microscope. Based on the results of the P25 titania coating, dispersions of this photoactive titania were also prepared to contain 0.50 g of each of the TiO 2 anatase, rutile, and brookite . The roughness of the Ti/i-TiO 2 base plates coated with anatase and rutile were relatively high: 3.18 µm and 3.26 µm, respectively Figs. 5a and 5b . However, the roughness of the sample coated with brookite was lower 2.95 10 min 0 0 0 0 0 compared with the others, as evidenced in Fig. 5c , and is likely the result of the higher density of TiO 2 on the surface of the Ti/i-TiO 2 substrate coated with brookite. In this regard, Bellardita et al. 20 have shown that the contact angle of brookite is lower than those of anatase and rutile titania, and thus according to the Young-Dupré equation Eqn 1 the solid-liquid adhesion energy of brookite is higher than for anatase and rutile, causing a greater amount of the photoactive TiO 2 brookite to adhere to the surface of the relatively inactive Ti/i-TiO 2 base plate.
ΔW SLV γLV 1 cos θc 1
where ΔW SLV denotes the solid-liquid adhesion energy per unit area when in the medium V; γLV is the surface tension, and θc refers to the contact angle.
Wettability efficiency with the microwave-/photoassisted methodology
The time-dependent changes of the contact angles after simultaneous irradiation of the P25 TiO 2 coated Ti/i-TiO 2 / TiO 2 /SAM-ODS samples with UV light irradiance, 30 mW/ cm 2 and with and without irradiating with 30 W microwaves are illustrated in Fig. 6a . Note that in this experiment the decomposition of the ODS on all the photoactive TiO 2 surfaces was performed without using a photomask. The contact angle of the P25 TiO 2 surface was 0 degrees super hydrophilic state within about 10 min under UV irradiation alone. On the other hand, because of a higher uniform surface, the TiO 2 substrate coating with 0.50 g of P25 titania reached super hydrophilic conditions within 5 min under microwave/UV irradiation; that is, two times faster compared with irradiation without the microwaves.
Using a radiation thermometer, we confirmed that the temperature of the microwave-irradiated TiO 2 -coated surface was about 30 . To verify the possible increase of photoactivity caused by the microwave effect or by a temperature increase, the sample was heated to 30 in an electric furnace Yonezawa mini-oven MD-100 and exposed to UV irradiation UV light irradiance, 30 mW/cm 2 . Under the latter conditions of conventional heating and UV irradiation, the photocatalyst performance was the same as for irradiating with UV light alone for 10 min. Therefore, we deduced that the microwave-/photo-assisted methodology played an important role in the increase of the wettability efficiency. Not unrelated to this, we had shown earlier that the microwave-/photo-assisted method could increase the number of OH formed by nearly 30 compared to the UV irradiation method alone 20 . The latter study also showed that under UV irradiation and with microwave heating, the P25 TiO 2 revealed the highest number of DMPO-OH spin adducts, and explains the significant difference observed between the Ti/i-TiO 2 base sample coated with P25 titania irradiated by UV light with and without microwave heating support. The increase in the number of OH accelerates the degradation of the SAM-ODS hydrophobic coating and returns the photoactive TiO 2 surface coating to its super hydrophilic characteristics more rapidly. Irradiation of the Ti/i-TiO 2 base plates coated with 0.50 g P25, anatase, rutile, and brookite titania with UV light 30 mW/cm 2 and with 30 W microwaves affected the efficiency with which each sample was transformed from a super hydrophobic system into a super hydrophilic system differently as illustrated in Fig. 6b . The base plate coated with P25 TiO 2 exhibited the highest wettability efficiency, necessitating only 5 min to convert the contact angle from a super hydrophobic condition contact angle greater than 160 degrees to a super hydrophilic condition of 0 degrees.
The Degussa Evonik P25 TiO 2 is a well-known photocatalyst, used widely because of its relatively high photoactivity demonstrated in many photocatalytic reactions, so much so that it is considered as one of the most active photocatalysts. This property of P25 titania is likely due to its composition consisting of anatase and rutile crystallites in a ratio of about 70/30 or 80/20 anatase/rutile. Nonetheless, its exact crystalline composition is still a matter of some debate 21 . Regardless, EPR evidence 22 has shown that the high photocatalytic efficiency of P25 titania is possibly due to the stabilization of charge separation by electron transfer from the rutile to the anatase phase thereby minimizing recombination of the charge carriers. As well, the small size of the rutile crystallites appears to facilitate this transfer that ultimately produces catalytic hot spots at the rutile/anatase interface. The times to change the super hydrophobic surface to the super hydrophilic surface of the photoactive TiO 2 coatings with anatase and rutile were somewhat similar, albeit the efficiency of anatase was slightly higher. After 20 min, the contact angle of the anatase coating reached 0 degrees, while the contact angle of the rutile coating was 4.3 degrees after this time Fig.  6b .
According to Horikoshi and Serpone 23 , the crystal distortion of P25 is significant enough that the resonance of the microwaves with P25 titania stimulates electron transfer within the photocatalyst when exposed to microwave radiation 24, 25 . To confirm this hypothesis, an experiment was devised in which pure anatase and pure rutile were mixed in a proportion of 80/20 same as with the anatase/ rutile ratio of P25 in water for 2 h, and sonicated at high frequency in an ultrasound bath for 30 min at 35 . The TiO 2 system so obtained was then immersed in a solution containing the hydrophobic ODS yielding a TiO 2 /ODS product. The latter super hydrophobic substrate was then subjected to UV and microwave irradiation. Results showed that this sample has a wettability efficiency like those of the Ti/i-TiO 2 substrates coated with anatase and rutile. The crystalline structure of P25 titania plays an important role as a result of its high photocatalytic performance. Accordingly, we deduce that the microwave energy absorbed by P25 was consumed by changing the interfacial boundaries between the coupled rutile and anatase polymorphic structures, which could cause the added formation of oxygen vacancies. The latter is well known to trap photogenerated conduction band electrons, thereby allowing valence band holes to produce additional OH. In the case of pristine anatase, rutile, and brookite titania, the photocatalytic process was caused only by UV irradiation.
The brookite coating also showed a significant result, in that the contact angle was around 50 degrees after only 5 min of irradiation and reached 0 degrees after 10 min. This phenomenon could be caused by: 1 the higher density of the TiO 2 brookite coating on the Ti/i-TiO 2 base plate and 2 brookite displays a higher photocatalytic performance than either anatase or rutile. According to Amano et al. 26 , the crystal arrangement of the anatase 100 and 001 facets possess defects that act as electron traps owing to their structural reconstruction, thereby contributing significantly to its photocatalytic activity. On their part, research by Katsumata and coworkers 27 on the photocatalytic activity of brookite demonstrated that the 001 and 210 facets have atomic arrangements analogous to the anatase s 100 and 001 facets, which infers that the 001 , 210 , 100 , and 001 facets in brookite contribute significantly to its photocatalytic activity.
The dependence of the contact angle of the P25 TiO 2 coating on applied microwave power levels of 30, 80, and 100 Watts is illustrated in Fig. 6c . At a 100 W power, the contact angle of the coating sample was rapidly reduced to 0 degrees in 2 min of microwave irradiation from an initial angle greater than 160 degrees, while at a power level of 80 W, the wettability change was slightly slower but highly efficient requiring nearly 3 min compared with the 5 min time needed with 30-W microwaves. These observations are in line with an increase in the number of OH formed at the higher power levels for P25 titania as demonstrated by Horikoshi et al. 20 in an earlier study regarding the effect of microwave power on the generation of OH in this substrate and enhanced photocatalytic performance. Raising the power of the microwaves enhances the photoactivity of the photocatalyst and the rate of return toward hydrophilic characteristics. At microwave power levels greater than 100 W, we noted an electric discharge occurring at the edges of the TiO 2 substrate.
Verification of patterning performance using water
and blood Evaluation of the super hydrophilic super hemophilic surface and the super hydrophobic super hemophobic surface generated on a 0.50 g P25 TiO 2 coating substrate by a 5 min UV light and microwave treatment was performed with a photomask using water and blood droplets as testing subjects. In the first type of experiments, we used a 10 mm diameter perforated photomask located over the Ti/i-TiO 2 /TiO 2 /SAM-ODS sample that when exposed to UV and microwave irradiation led to the photocatalytic decomposition of the ODS monolayer. According to water and blood wettability tests, hemispherical water Fig. 7a -i and blood Fig. 7b -i were present in the UV-/microwave-irradiated portions. The effect of wettability on water, a pure polar solution, and blood, which is a mixed polar solution, is rather effective. After the testing, the water and blood droplets were wiped off, and all surfaces were irradiated with UV light to decompose the remaining ODS completely. Following this, an ODS monolayer was once again deposited on the surface of the Ti/i-TiO 2 /TiO 2 sample. The contact angle of the Ti/i-TiO 2 /TiO 2 sample after ODS depositing at the second time was also higher than 160 , and super hemophobic. Therefore, the experiment could be repeated using a different photomask 5 mm diameter perforated photomask . This capability of being able to recycle the Ti/ i-TiO 2 /TiO 2 substrate indicated the usefulness of such a system in generating wettability patterns in various potential applications.
Concluding Remarks
In a previous report, Nakata and coworkers 14 showed that patterning using UV light required about 25 min of irradiation. However, in our study which used a Ti/i-TiO 2 base plate coated with P25 titania on its surface, patterning required only about 2 min upon irradiating with 100 W microwaves in addition to UV irradiation. The overall TiO 2 substrate fabricated by our reported method displayed a high initial contact angle, potentially useful for patterning applications in both offset printing and biology. For instance, in the former case, a laser was used for engraving each letter on an aluminum plate to produce a newspaper printing plate and required a long time to process a large area at any one time, and the aluminum plate could not be recycled as well. In contrast, in our proposed and demonstrated method using a Ti/i-TiO 2 base plate, a pattern covering a large area was completed within 2 min by applying only UV light and microwaves together with a photomask. Most importantly, one can reset and recycle the printing plates, which lead to more significant differences in processing a larger area compared to existing methods using lasers. Furthermore, the proposed processes should be more cost-effective, requiring less time, and be more benign to the environment than the existing printing technology.
